Weak decay of swirling protons and other processes 
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We investigate the weak-interaction emission of spin-1/2 fermions from decaying (and non- 
decaying) particles endowed with uniform circular motion. The decay of swirling protons and the 
neutrino-antineutrino emission from circularly moving electrons are analyzed in some detail. The 
relevance of our results to astrophysics is commented. 
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I. INTRODUCTION 

Recently pj the decay of uniformly accelerated protons 
as described from the point of view of inertial and coac- 
celcrated observers was used as a paradigmatic example 
of the necessity of the Fulling-Davies-Unruh effect Q to 
the consistency of Quantum Field Theory. At the same 
time, it was shown that in addition to its conceptual im- 
portance, the decay of accelerated protons could be of 
"practical" relevance to astrophysics. It was estimated 
that about 1% of a bunch of protons with energy 10 14 eV 
would decay (through weak interaction) if they were un- 
der the influence of a magnetic field of 10 14 Gauss of a 
pulsar The proton decay can be understood in this 
case as being induced by the centripetal force acting on 
the proton as it swirls around the magnetic field lines. 
The estimative above was obtained, however, by using 
the decay rate of uniformly accelerated protons rather 
than circularly moving ones. It was argued that this pro- 
cedure should lead to good approximate results as far 
as the proton proper acceleration satisfies the constraint 
a > AM, 1 /R, where AM = M n - M p is the neutron- 
proton mass difference and R is the local curvature radius 
of the proton trajectory. 

Thus, as a step further, it would be desirable to refine 
our previous estimative by considering protons in circu- 
lar motion indeed. For this purpose, here we apply the 
formalism developed in Ref. (designed to study the 
weak-interaction emission of spin-1/2 fermions from clas- 
sical and semiclassical currents) to the case of circularly 
moving particles with constant velocity (hereafter de- 
nominated uniformly swirling particles) . We focus on the 
decay of uniformly swirling protons and on the neutrino- 
antineutrino emission from uniformly swirling electrons 
which is also relevant in some astrophysical situations 
as, e.g., in the cooling of neutron stars and in connec- 
tion with high-energy neutrinos emitted from the mag- 



netosphere of pulsars We emphasize that a broad 

class of interesting processes involving accelerated parti- 
cles possessing well defined world lines can be analyzed 
in this fashion. 

The paper is organized as follows: In Sec. [H] we present 
the main results which will be useful for our purposes. 
In Sec. IIIII we explicitly evaluate the fermion emission 
rate and radiated power from uniformly swirling parti- 
cles, where we assume Minkowski spacetime with metric 
components 77 M „ — diag(+l, —1, —1, —1) associated with 
the usual inertial coordinates (t, x). In Sec. II VI we an- 
alyze in detail the decay of uniformly swirling protons 
and comment on its potential importance to astrophysics. 
Sec. is dedicated to analyze the neutrino-antineutrino 
emission from uniformly swirling electrons. We dedicate 
Sec. IVll to our final discussions. We adopt natural units 
c = h = 1 throughout this paper unless stated otherwise. 



II. 



FORMALISM 



Let us consider the following class of processes 

Pi -> P2 fi h , (2.1) 

where a fermion-antifermion pair /1-/2 is emitted as the 
particle p\ is supposed to evolve into the particle p2- The 
fii /2, pi, and pi rest masses are mi, m.2, Mi, and M2, 
respectively. We will be interested here in cases where 
Wi, m2 "C Mi,M2. The fermion emission will be as- 
sumed not to change significantly the four-velocity of 
P2 with respect to p\. This is called "no-recoil condi- 
tion", which is verified when the momentum of the emit- 
ted fermions (with respect to the inertial frame instanta- 
neously at rest with particle p\) satisfies |k| <C Mi, M 2 . 
Because m±,m2 <C M\,Mi, this implies that the energy 
of each emitted fermion satisfies ui <C Mi , M2 . As the 
typical energy lu of the emitted fermions is of the order of 
the proper acceleration a of the particle pi , the no-recoil 
condition can be recast as 
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a < Mi, M 2 



(2.2) 
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The particles p\ and p 2 will be seen as distinct en- 
ergy eigenstates \pi) and \p 2 ), respectively, of a two-level 
system. The associated proper Hamiltonian Hq of the 
particle system satisfies, thus, 



Ho \ P j)=Mj \ Pj ) , j = 1,2 



(2.3) 



Hence, we describe our pointlike particle system by the 
semiclassical (vector) current 



f{x)=q{r) [«"(t)/u°(t)] <5 3 [x-x(r)] 



(2.4) 



where x^ (r) is the classical world line associated with the 
particle system p\-p 2 , u^{t) = dx^/dr is the correspond- 
ing four-velocity, and q(r) = e lH ° T qoe~ lH ° T , where qo is a 
self- adjoint operator evolved by the one-parameter group 
of unitary operators U(t) — e~~ lH ° T . 

Each emitted fermion will be associated with a spino- 
rial field written as 



E 

(T=± 



k^\x) + dl^i( x ) 



(2.5) 

where 6ko- and dj^ are annihilation and creation oper- 
ators of fermions and antifermions, respectively, with 
three-momentum k = (k x , k y ,k z ), energy uj = \/k 2 + m 2 



and polarization er, and ip^^ an< ^ V'ko-"' are positive 
and negative frequency solutions of the Dirac equation 



0. 



Next, we minimally couple the spinorial fields and 
\p2 (associated with the two emitted fermions /1-/2, 
respectively) to our semiclassical current (that de- 
scribes the particle system ^1-^2) according to the weak- 
interaction action [Tol|-[ll] 

Sj = J d i xj, l {^ 1 ^(c v -c Al 5 )^ 2 

+*27 A '(cy - c^ 7 5 )*i} , (2.6) 

where cy = ca = 1 in the cases here analyzed. 

The transition amplitude for the process (|2.1|l at the 
tree level is given by 

^kik 2 2 = <P2|® (/i kl ^/2 kao J Sj |0> ® |pi) , (2.7) 
and the differential transition probability is 



d 3 kid 3 k 2 



- E E \K\ 



<?2 |2 

k 2 1 ' 



(2.8) 



CT1=± CT2— ± 

which leads to (see Ref. Q for details) 



2 G ls 



dr / dq J e iAM(T-T') e J(fei+fe2) A [x(r)-x(r')]A 

OO J —OO 



d 3 kid 3 k 2 (2tt) 6 uj 1 uj 2 

x {[^'+^11,^] 11^(7') - ^/(r^Mj , 



(2.9) 



where e^ Q1/ ^ is the totally skew-symmetric Levi-Civita 
pseudo-tensor (with e 0123 = -1), k^k^ = (k^k^ + 
k^k^/2, AM = M 2 - Mi and G ofr = \{p 2 \q \pi)\ is the 
effective coupling constant. 

In those situations where the particle is accelerated 
by a background electromagnetic field, a full quantum- 
mechanical investigation would be, in principle, possible. 
In this case, any recoil effects associated with the fermion 
emission would be automatically taken into account. For 
instance, in Ref. |12| the quasiclassical approach was de- 
veloped to consider 7-synchrotron radiation from an elec- 
tron immersed in a classical background magnetic field 
with intensity H <C H = 4.4 x 10 13 Gauss with the 
electron Lorentz factor satisfying 7 > 1. A similar ap- 
proach was applied to the neutrino-antineutrino emis- 
sion in Sec. 6.1 of Ref. [13J. Another very promising ap- 
proach, which could be adapted to the present case, was 
recently developed by Higuchi who investigated the radi- 
ation reaction effect on accelerated charges in the context 
of Quantum Field Theory |14j . In this vein, further devel- 
opments of our formalism to naturally take into account 



back-reaction effects would be welcome. In spite of this, 
our semiclassical approach has the advantage of being ap- 
plicable to a quite general class of processes irrespective 
to the acceleration source origin: electromagnetic, gravi- 
tational or some other one. Moreover, it agrees with the 
full quantum mechanical treatment used in the aforemen- 
tioned cases when the no-recoil condition is satisfied (i.e., 
X -C 1 in Refs. H3-E3)- Hence, our approach and the 
other ones in the literature 0-01 should be seen as 
complementing each other. 



III. UNIFORMLY SWIRLING CURRENTS 

The world line of a particle with uniform circular mo- 
tion with radius R and angular velocity f2, as defined 
by observers at rest in an inertial frame associated with 
inertial coordinates (t, x), is 

x"(r) = (t , Rcos(nt) , ijsin(fii) , 0) , (3.1) 
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and the corresponding four-velocity is 

u ^{t) =7(1 , -mishx(Qt) , mcos(nt) , 0) , (3.2) 

where 7 = (1 — i? 2 ^! 2 ) -1 / 2 = constant is the Lorentz 
factor (v = RVl < 1), t = jt, and a = ^j— a^a^ = Rfl 2 "/ 2 
is the proper acceleration. 

In order to decouple the integrals in Eq. (|2.9[1 . we define 
new coordinates, 

ct = 7(t-t')/2 and s = j{t + t')/2, (3.3) 

and perform the change in the momentum variable 

W i-> P* = (2 , k) , (3.4) 



where 

cD = cj , 

k x = k x cos(fts) + k y sin(fts) , 
fc' y = -fc* sin(f7s) + /c y cos(Os) , 
k — /c 7 

which consists of a rotation by an angle Vis around the k z 
axis. Hence, we obtain from Eq. I|2.9[) the following tran- 
sition rate per momentum-space element of each emitted 
fermion: 



dTPi^Pi _ 2 7 G 2 ff 



da exp 



d 3 kid 3 k 2 (27t) 6 wiw 2 J_ cx 

x [(wx^ + k"i • k 2 ) - R 2 Vl 2 (kfk x - k\k v 2 ) + R 2 Vl 2 {u!u 2 - k(k'i) cos( 17cr 
2RVl{Zj 1 k y + u 2 kf ) cos( Via /2) + 2ii?0(ki x kjf sin( ficr/2 ) 

• r.9 l~ ~ Tn\ • / r~\ \ 



~iR 2 n 2 



(wifc| — u>2hf) sin( Ha ) 



(3.5) 



where r pl ^ P2 = 7 dP Pl ^ P2 / ds is the transition proba- 
bility per proper time and 

X^(o-) = (cr , , 2i?sin(fkr/2) , 0) . 

In order to calculate the transition rate 



ppi — »J)2 



d 3 ki / d 3 k 2 - 



(3.6) 



d 3 kid 3 k 2 

it is convenient to use Eq. I|3.5|l to rewrite Eq. (|3.6|) as 

(^2 /■+«> 
z 7 ^eft 



ppi— »P2 _ 



(2 



where 



with 



(-11 r-foo r 

J doe AM 'hG^AV , (3.7) and ^ = yj\ 



~ dX» dX" 



h = I d 3 k ; 



k 2 + mf , and 



1 = 1,2, 



(3.8) 



(3.9) 



Ailv 



1 + R 2 Vl 2 COs(ftcr) 



-2RQ cos(r2fi/2) 
iR 2 Vl 2 sin(ficr) 





R 2 n 2 






-2i?Ocos(ftcr/2) -iR 2 Vl 2 sm(n<j) 



l + i? 2 f7 2 2i-ROsin(Ocr/2) 

-2iRQ sin(ficr/2) 1 - R 2 Vl 2 cos(Vla) 



r 



(3.10) 



In order to integrate Eq. (|3.9|l . we introduce spherical co- 
ordinates in the momenta space (fe; G R + , 0; € [0, 7r], ^ € 
[0, 27r)), where kf — ki sin 61 cos 0; , fcf = fc; sin 6*; sin (f>i , 



and fcf = ki cosdi. By doing so, we obtain 



where |X| = V— XiX 1 . Next, by redefining the fre- 
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quency variable as uji = mi cosh£, we obtain 

r\ ■ /-+00 



(Note that |Re(Y°)| = > |X| = |Y|.) Then^ 
using expressions (3.471.11) and (8.484.1) of Ref. (l5j . 
we obtain 



Now, we perform the change of variable £ i— » r\ = e^, 
leading to 



/>+oo 

*l = ~~R7T / "^W -ljexp 



zm ; (y° + |Y|)77 



imi{Y° - |Y|) 



2 '/ 



(3.11) 



where we have introduced a small positive regulator e > 
in the integral as follows: 

X^^Y^ = (X° + it, X\X 2 , X 3 ) . 



-2 7r 2 i m;sign(g) ^(i) / . 



(sign(a)m iv /?^ r 



(3.12) 

where H^\z) is the Hankel function of the first kind. As 
a result, by making the variable change a A = — acr/7 
and by defining Z>* = (a/j)Y^, the transition rate 13. 7|) 
can be cast in the form (see also expression 8.472.4 in 
Ref. [H) 



G c ^m\m\a 7 
8^2 



-i AM A 



z 



1 Z 2 

m;7sign(A)-\/ Z\Z X , and where Z M 



(3.13) 



where we have defined mi = mi/ a, AM = AM /a, e' = ae/7 <C 1, 
(-A + ie', Q,-(2Ra/i) sin(^A 7 /2a), 0) with 



1 + i? 2 f2 2 cos(ft 7 A/a) -2RD.ca&{^\/2a) iR 2 fl 2 sin^A/a) 

1-i? 2 ^ 2 

-2M7cos(ft 7 A/2a) 1 + R 2 Q 2 -2iRQ sin[fi 7 A/2a] 

-iR 2 n 2 sin(f7 7 A/a) 2ii?fi sin[0 7 A/2a] 1 - i? 2 ^ 2 cos^A/a) 



r 



(3.14) 



It is not easy to integrate Eq. (|3.13(l in general. Notwith- 
standing, we will be interested in the physically relevant 
regime where mi < 1. In this limit, Eq. I|3.13l) can be 
cast in a more suitable form by using the following ex- 
pansion for the Hankel function |l5j : 



4? 



where 

Z X Z X = (A - id) 2 - (2i?a/ 7 ) 2 sin 2 (f7A7/2a) . (3.17) 

Eventually, Eq. (|3.16|) can be seen as the expansion of 
the reaction rate up to second order in fhi <gi 1. In order 
to solve this inte gral , we expand Z X Z\ for relativistic 



-0{zf\nz{) for \z{\ <C 1 • (3.15) swirling particles 



gral, we e: 

MM, i 



i.e., 7 > 1 (recall that R 



We note that for |A| large enough, \zi\ > 1, in which case 
the expansion Ij3.15|) ceases to be a good approximation. 
[For instance, for 7 2 3> 1/fhi ^S> 1, we have that \zi\ > 1 
for |A| > l/VlZmT (I = 1,2), while for 1/m, > 7 2 > 1, 
we have that > 1 for |A| > 1/(7771/).] Notwithstand- 
ing, this will not be important because the error commit- 
ted in this region will be small to affect the final result 
provided that mj < 1. Hence we write Eq. (|3.13|l in the 
form 



ppi — >P2 



'cff 1 - 



8tt 4 



dX 



-i Km \ Z>1 Z " A {^) 



(Z X Z,) 



16 



4(m 2 



7 4 (Z A ^) 2 7 2 Z X Z X 



(3.16) 



2 7 2 /a, fl — a/(vj 2 ), and v = \]\ — 7 -2 ): 



Z\Z 



where 



and 



— ^(A + iV3A+)(\ + zv / 3A_)(A - iV3B^ 
12 7^ 



:(A-n/35-) 



At = 1 t V 1 + 2? /^3 



(3.18) 



Bt = IT \Jl-2e/V3 

with 1. For |A| > 27J7, where the expansion ceases to 
be a good approximation, the integral contributes very 
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little again and, thus, will not have any major influence 
in the final result. Thus, the integral in Eq. I|3.16[) can 
be rewritten in the complex plane: 



-G 



8tt 4 



dX 



-i AM \ ZI " Z " A {^) 



{z x z x y 



16 



4(mf + m|) 



,(3.19) 



where the complex integration path, given by C = 
(-L, L) U {L e ie ,9 e [-7r,0]} with L -> oo, is counter- 
clockwise oriented. This expression, then, can be per- 
formed by using residues. We present below the results 
obtained for the leading term in 7 [l8j: 



r „ 2 w G c 2 ff « 5 exp(-2V3AM) / ^ 1Q2 ~ 3^—2 ~ 3 
1728tt 3 V 

-39v / 3(m? +TO2) - 90AM(mf + m|) -36\/3AM 2 (mf + m|)) , (3.20) 



where we recall that this is valid for mi , m-i <C 1 and 
7> 1. 

Next, we calculate the radiated power in form of each 
fermion, 



(fki / d 6 k 2 u r 



dT Pl ^ P2 
d 3 kid 3 k 2 



(3.21) 



where the index I = 1,2 is used to distinguish which 
fermion we are referring to. We write Eq. (|3.21|) as 



Ji 



d 3 kie 



(3.24) 



and I2 is given by Eq. (|3.9() . By following the same steps 
used to integrate 7; , which allowed us to reach Eq. 13.12|l , 
we obtain 



9 f~<2 r+ca 

w p^ P2 = ^| / d/j £t am °h HtiuA ^ } (3.22) 



where we have chosen (with no loss of generality) 1 = 1, 
i.e., we are computing the radiated power associated with 
the fermion with mass mi. Here 



dJi dh 
dX>* dX v ' 



2 7r 2 m\ Y (1) 



Ji = 



m 



(sign^miVi^) . (3.25) 



As a result, by making again the variable change a 1— > 
X = — aer/7 and by defining Z M = (0/7)!^, the emitted 
power (|3.22ll can be cast in the form (see also expression 
(3.23) 8.472.4 in Ref. [H) 



P1^P2 



8^2 



+OO 



dX 



-i AM A ±± 2 



mWZ Q Z»Z»A [tlu) v^Z'A^ 



(3.26) 



where we recall that zi, Z M and A^ v are the same ones 
defined below Eq. H3.13J1 • In order to perform this integral 
in the limit mj < 1, we use the approximation l|3.15|) and 
(see Ref. [H) 

HPte) « - — - 51 + 0(^111*0 (3.27) 

nzf nzi An 



for \zj\ < 1. Then, by letting Eqs. l|3~To) and l|3~?7jl in 

Eq. (|3.26|) , we can perform the remaining integral in the 
complex plane along the path C = {—L, L) U {L e l6 , 6 £ 
[— 7T, 0]} with L — ► 00, as for the reaction rate, and obtain 
the emitted power Wf 1 ^ 112 . We present below the result 
for the leading term in 7 (see Ref. 0): 



6 



G 2 n 6 p 



-2V3 AM 



3456tt 3 



320 + 241V3 AM + 246AM + 46^3 AM + 12AM -48(m? 



+5m|) - 3V3AM(17m2 + 65m^) 



18AM (5m? + 13m^) - 24 V / 3AM (m? + 2m\) 



(3.28) 
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FIG. 1: The proton mean proper lifetime r is plotted as a 
function of its proper acceleration a, where we have assumed 
7 = 100. The result is not a very sensitive function of 7 
provided that 7>1. t oc l/a° for sufficiently large a. 



where we recall that this is valid for mi, ni2 <C 1 and 7 S> 
1. Clearly, W| >1_>P2 is obtained by permuting mi < — ► 
in Eq. (|3351) . 

IV. PROTON DECAY 

Seemingly, Ginzburg and Syrovatskii jl9j | were the first 
ones to comment about the decay of noninertial protons, 
but only recently Muller [2(j presented the first estima- 
tive for the decay rate of the inverse /3-decay 

p —> n e + v (4-1) 

by assuming that all the particles were scalars. Further, 
the authors used the semiclassical approach (where the 
leptons are described by fermionic fields indeed) to cal- 
culate the decay rate for uniformly accelerated protons. 
Here we analyze the case of swirling protons, which can 
model high-energy protons moving in the magnetosphere 
of a pulsar. 

The effective coupling constant for the inverse /3-decay, 
G c ff = G P n, is obtained by imposing that the mean 
proper lifetime of inertial neutrons be 887 s |21| . i.e., 

r „_> p _ pn^ P ( fi _> 0) = ft/(887 s) . (4.2) 

Of course, we cannot use our expression (|3.19|l in this 
case since it is not valid when a < m e . Fortunately, 



FIG. 2: W e + and W v are plotted as functions of the proton 
proper acceleration with solid and dashed lines, respectively. 
Although we have assumed 7 = 100 in the numerical calcula- 
tion, the result is not a very sensitive function of 7 provided 
that 7 > 1. 

however, Y n ~* p can be integrated for inertial neutrons 
directly from Eq. 1)3. 6f) by making £1 = in Eq. (|3.5|1 . 
This is achieved by a change of the momentum variables 
as shown in Eq. (|3.4|l . After performing the correspond- 
ing integrations in the angular coordinates and in u> e , we 
obtain 

" Jo 

x yj (AM - Z) v f - ml , (4.3) 

where we have assumed m v — 0. By evaluating nu- 
merically Eq. gjjfl with m e = 0.511 MeV and AM = 
(m„ — m p ) = 1.29 MeV, we end up with = 
1.81 x 10~ 3 G 2 n MeV 5 . As a result, in order to fit 
Eq. I|4.2|) . we must set G pn = 1.74 Gp , where 
Gf = 1.166 x 10~ 5 GcV~ 2 is the Fermi coupling con- 
stant [2lJ . This phenomenological procedure has the ad- 
vantage of by passing any uncertainties on the influence 
of the nucleon inner structure. 

Now we are able to use Eq. (|3.19|l to plot the proton 
mean proper lifetime r(a) = l/r p ^™ (see Fig. We 
have plotted the proper lifetime r(a) rather than the lab- 
oratory lifetime t(a) in order to make it easier the com- 
parison of this figure with Fig. 1 in Ref. [We have 
only considered accelerations a <C m p — 938 MeV in 
order to respect our no-recoil condition l|2.2|l .] We no- 
tice that swirling protons decay somewhat faster than 
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uniformly accelerated protons with the same proper ac- 
celeration a. We also exhibit how much energy is carried 
out in form of electrons and neutrinos as calculated in 
Sec. [n] by plotting the emitted powers Wi for I = e + , v 
in Fig. |2 

Astrophysics seems to provide suitable conditions for 
the observation of the decay of accelerated protons. Let 
us consider a cosmic ray proton with energy E p = "fm p « 
1.6 x 10 14 eV under the influence of a magnetic field 
B rj 10 14 Gauss of a pulsar. Protons under these condi- 
tions have proper accelerations of as = r yeB/m p ps 110 
MeV ^S> m e . For these values of E p and B, the proton is 
confined in a cylinder with typical radius R ~ 7 2 /&_b ~ 
5 x 10~ 3 cm <C Ib, where Ib is the typical size of the 
magnetic field region. By using Eq. (|3.19|1 . we obtain 
that such protons would have a "laboratory" mean life- 
time of t p = 7T « 1.2 x 10~ 2 s. Thus, under such 
conditions, protons rapidly decay. For Ib ~ 10 7 cm, we 
obtain that about \AN p /N p \ » (1 - e -W* P ) ~ 2 .7% of 
a bunch of protons would decay in this way. Hence our 
original estimative achieved by assuming uniformly ac- 
celerated protons was roughly correct but still 2.7 times 
smaller than this more precise value. We note that we did 
not take into account the influence of the magnetic field 
on the emitted positron. Clearly a more precise estima- 
tive should take into account this effect as well as other 
ones as, e.g., the non-uniformity of the magnetic field and 
energy losses through electromagnetic synchrotron radi- 
ation. The latter, in particular, may not be a problem 
since extra energy may be furnished to the proton from 
dynamo processes. A comprehensive analysis of such as- 
trophysical issues will be discussed elsewhere. 
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FIG. 3: The emission rate of v e -v e pairs is plotted for a < m e 
and 7 = 100. 
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V. NEUTRINO EMISSION FROM 
UNIFORMLY SWIRLING ELECTRONS 

Let us, now, consider the emission of neutrino- antineu- 
trino pairs from accelerated electrons, 

e~ — ► e~ v e v e , (5.1) 

and compare our results in the proper limit with the ones 
in the literature obtained in the particular case where 
the electrons are quantized in a background magnetic 
field i-i. 

The emission rate and the total radiated power of 
neutrino-antineutrino pairs can be calculated from the 
Sec. IV results by assuming AM = m y = 0: 

r " = ^ust/ (98 + 31/72) + ° (7 ~ 4) (5 ' 2) 

and 

W, p = ^4(25 + 7/ 7 2 )+0( 7 - 4 ), (5.3) 

where G ev is the corresponding effective coupling con- 
stant. 



FIG. 4: The total v^-v^ radiated power is plotted for a < m e 
and 7 = 100. 

In order to determine the value of G e „, we compare 
Eq. H5.3fl with the neutrino-antineutrino radiated power 
obtained in the particular case where the electron is uni- 
formly swirling in a constant magnetic field B, provided 
that its proper acceleration a = ^yeB /m e <C m e (no-recoil 
condition) . This can be easily calculated from the differ- 
ential emission rate given, e.g., in Ref. or Ref. 03 (see 
Eq. (6.6) in Ref. [3| for the final result below), 

w , r = 5 ( 2 Cr + f C ^ Gl m ^ , (5.4) 

where the vector and axial contributions to the elec- 
tric current are Cy = 0.93 and C\ = 0.25 H2, re- 
spectively, and x = a/m e <C 1. Thus, by comparing 
= 1.14 x lO" 2 G% a 6 with our Eq. 0, we ob- 
tain G eu = 1.38 Gf, which is 40% smaller than the one 
obtained with our original estimative with uniformly ac- 
celerated electrons. In Figs. [21 and 01 we plot Eqs. I|5.2|) 
and (|5.3|l , respectively, for swirling electrons with a < m e 
and 7 = 100. We note that for the same electron proper 
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acceleration, the neutrino-antineutrino emission rate is 
somewhat smaller than the one obtained for uniformly 
accelerated electrons. 

VI. DISCUSSION 

We have investigated the weak-interaction emission of 
spin-1/2 fermions from decaying (and non-decaying) uni- 
formly swirling particles. As a particular application, 
we have focused on the inverse /3-decay of uniformly 
swirling protons. We have shown that high-energy pro- 
tons in background magnetic fields may have a consider- 
ably short lifetime. By restricting our semiclassical cur- 
rent to behave classically, i.e., by making AM — ► 0, 
we were able to use our formalism to investigate the 
neutrino-antineutrino pair emission from uniformly ac- 
celerated electrons and compare our results with the ones 
in the literature obtained by quantizing the electron field 
in a background magnetic field. By comparing the re- 
sults obtained for uniformly accelerated and swirling par- 
ticles, we conclude that depending on the accuracy level 
required, one can use directly the formulas derived for 
uniformly accelerated currents to make a reasonable es- 
timative for reaction rates and emitted powers associated 
with processes involving accelerated particles as the ones 
treated here. This may be particularly useful in some 
astrophysical situations. 

Finally, it is worth mentioning that the approach of 



coupling a two-level system to quantized fields in order 
to describe the decay of accelerated particles is by no 
means restricted to weak-interaction processes. In fact, 
the decaying of accelerated protons through 

p — * n 7r + (6-1) 

can be also analyzed in this framework by coupling a two 
level (scalar) system to a massive Klein-Gordon quan- 
tum field describing the pion. Because this is a strong- 
interaction process, the channel dominates over the 
(|4.1() one when the proton acceleration is much larger 
than the pion mass |23l ] . The same sort of approximations 
can be used to investigate Eq. Qfi-ljl but unfortunately the 
results obtained are only good when the proton accelera- 
tion is large enough for the pion to be assumed massless. 
The development of more powerful approximations able 
to investigate process . 1|) in a larger acceleration range 
(including a ps m,) would be welcome. A comprehen- 
sive analysis of the consequences of the proton decay to 
astrophysics is being considered. 
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